Abstract Bacteria express certain of their characteristics especially, pathogenicity factors at high cell densities. The process is termed as quorum sensing (QS). QS operates via signal molecules such as acylhomoserine lactones (AHLs). Other bacteria inhibit QS through the inactivation of AHL signals by producing enzymes like AHL-lactonases andacylases. Comparative genomic analysis has revealed the multiplicity of genes for AHL lactonases (up to 12 copies per genome) among Bacillus spp. and that of AHL-acylases (up to 5 copies per genome) among Pseudomonas spp. This genetic evolution can be envisaged to enable host to withstand the attacks from bacterial population, which regulates its functioning through QS.
Introduction
Bacteria within a community depend upon each other for their survival. However, to maintain their identity and to ensure their existence they produce an arsenal of bioactive molecules [1] [2] [3] . The bacterial arsenal consists of antibiotics, toxins, hydrolytic enzymes, antipathogenic and antibacterial molecules [4] [5] [6] . Vibrio spp. fight their competitors through toxin loaded molecular guns-the Type III and VI secretion system (T3SS, T6SS) [7, 8] . Pseudomonas spp. possess the unique ability to produce antibiotics and other pathogenicity factors such as proteases, elastase, rhamnolipid, pyocyanin, superoxide dismutases for their defense against reactive oxygen species (ROS), to evade the immune response, and degrade surfactant proteins [9] . Most of these pathogenicity factors are produced through the phenomenon of quorum sensing (QS) [10, 11] . QS is a cell density dependent phenomenon, which operates through signal molecules. Above a threshold concentration, these signal molecules lead to the expression of selective genes, including those responsible for virulence [12, 13] . QS systems (QSS) such as LuxI/R and their homologs range from a single in Vibrio species to multiple in Sinorhizobium and Pseudomonas species. Each QSS is operated by its unique signal molecule, such as acyl-homoserine lactones (AHLs), oligopeptides, methyl esters, methyl dodecanoic acid, etc. AHLs consist of a lactone ring attached to a carbon side chain, which range from C4 to C18 in length. In this category of AHLs, the most prevalent ones are: N-butanoyl-homoserine lactone (C4HSL), N-hexanoyl-HSL (C6HSL), N-octanoyl-HSL (C8HSL) and N-dodecanoyl-HSL (C12HSL) [14, 15] . Multiplicity of QSS and variability in the signal molecules allow bacteria to use these in various combinations and permutations. This raises the complexity of the mechanisms responsible for controlling the pathogenicity of such bacteria [16] [17] [18] [19] .
To counter the bacterial population operating through QS mediated mechanism, rival bacteria produce enzymes-AHL-lactonases and -acylases for the AHLdegradation leading to disruption of QS, also called as Quorum Sensing inhibitors (QSIs) [14, 20, 21] . The AHLlactonases hydrolyze the lactone ring of AHLs and are found in numerous Bacillus spp. [22] [23] [24] . Similarly, the AHL-acylases break the amide linkages of the AHL acyl chains and have been reported to be produced by bacteria such as Ralstonia spp. [25, 26] . Although, most bacteria possess one of these QSI enzymes, only a few of them have been reported to possess both AHL-lactonase and AHLacylase, e.g., Rhodococcus erythropolis, Deinococcus radiodurans, Photorhabdus luminescens, Hyphomonas neptunium [14, 20, 27] .
Based on the observations that there is a multiplicity of QSS and QSIs, we did a comparative genomic analysis to explore the possibility of the existence of multiplicity of genes governing the expression of AHL-lactonases and AHL-acylases. This information will further elucidate how this genetic material helps the host to withstand the attacks from bacterial population, which regulates its functioning through QS.
Materials and Methods

Conserved Domains of Acyl-Homoserine Lactone Degrading Enzymes
The detailed procedures used in this study are as described earlier [20] . Briefly, protein sequences for the enzymes AHL-lactonase from Bacillus sp. SB4 (Accession No. AAR85482.1) and AHL-acylase from Ralstonia sp. XJ12B (Accession No. AAO41113.1) were collected from the NCBI Protein database. The nucleotide sequences which corresponded to the protein sequences were downloaded from NCBI Genbank. The conserved domains of these enzymes for reference organisms (Tables 1, 2) are as described in our previous study [20] . We used BLASTP for the similarity searches and NCBI Conserved Domains [28, 29] for searching the conserved domains. The sequences showing multiple copies of AHL-lactonase and AHL-acylase have been analysed here.
Results
The presence of genes encoding for AHL-lactonase andacylase has been observed in taxonomically diverse bacteria: gram-positive and -negative groups [20] . In the present study, the focus has been on identifying organisms with multiple copies of genes for AHL-lactonase and AHLacylase.
Multiplicity of Genes Coding for AHL-Lactonase
Among all those organisms which show the presence of conserved domains for the enzyme-AHL-lactonase, the highest prevalence of the gene for this enzyme was recorded in Firmicutes (Gram-positive) and Proteobacteria (Gram-negative). Among Gram-positive bacteria, multiplicity of the gene for AHL-lactonase was recorded in (a) Firmicutes-(1) Bacillus spp., and (2) Lysinibacillus, and (b) Deinococcus thermus-D. radiodurans (Table 1) . Interestingly, within Bacillus spp., (1) B. cereus strains were quite unique, where some showed a single copy of the gene for AHL-lactonase, whereas others possessed 2-5 copies of the same, (2) the strains of B. subtilis had 3 copies per genome, and (3) B. thuringiensis strains had 1-12 copies per genome. On the other hand, among Gram-negative bacteria, Agrobacterium sp. and Bradyrhizobium sp. had single and multiple copies of the gene for AHL-lactonase. Apart from these bacteria, Thermoplasma was observed to possess 3 copies of AttM related AHL-lactonase gene ( Table 1) .
Multiplicity of Genes Coding for AHL-Acylase
Multiple copies of gene coding for AHL-acylase, were found to be distributed among gram-negative bacteria representing different taxa: b-, c-, and d-Proteobacteria (Table 2 ). Ralstonia sp. XJ112B is known to possess active AHL-acylase and within the conserved domain of Ntnhydrolase superfamily, represented by two partial domains. Ralstonia sp. in general have been observed to possess single copies of the gene coding for AHL-acylase, except Ralstonia picketti 12D, which possesses two copies (denoted by different gi numbers), within the sequenced genome. Among the members of c-Proteobacteria, (1) Azotobacter vinelandii, (2) Pseudomonas sp., (3) P. aeruginosa strains PAO1, PA7, PACS2, UCBPP-PA14, 2197 and C379, (4) P. entomophila, (5) P. fluorescens, (6) P. putida strains F1, GB,W619, (7) P. syringae strains Phaseolicola 448A, syringae B728a, and tomato str. DC3000, (8) Marine proteobacterium exhibits multiple copies of this gene per genome.
Similarly, in gram-positive organisms multiplicity of the gene for AHL-acylase was recorded in (a) Deinococcus-D. radiodurans R1, (b) Actinobacteria-Streptomyces sp. Mg1, Streptomyces griseus subsp. griseus NBRC 13350 (c) Cyanobacteria-Cyanothece sp. PCC 7424, Crocosphaera watsonii WH 8501 (Table 2) .
Discussion
Biological control of diseases caused by pathogenic bacteria such as Pseudomonas spp. in soil or rhizosphere has been reported with the help of rhizobacteria, e.g., Bacillus spp. [3, 30] . Bacillus spp. have been shown to control pathogens such as Erwinia caratovora, [31] , Xanthomonas campesteris [32] , Phytophthora infestens [33] , P. syringae [34] . Heterologous expression of Bacillus AiiA lactonase in Burkholderia thailandensis, P. aeruginosa PAO1, Vibrio harveyi, and E. carotovora have been found to disrupt QS mediated properties [35, 36] . In fact, certain antibiotics become effective on biofilms, which have been exposed to AHL degrading enzymes, which implies that a combination of the two treatments can be complementary and effective in controlling the pathogenic organism(s) [30] . The presence of AHL lactonase throughout the gram positive genus-Bacillus shows the evolutionary stability of the aiiA gene. B. thuringiensis has been observed to exhibit a maximum of 12 copies of the complete AHL lactonase gene and B. cereus with 5 copies. In case of the gram negative group, taxa wide horizontal gene transfer (HGT) is suggested by the presence of the lactonase from Agrobacterium tumifaciens and Bradyrhizobium sp. (aProteobacteria), into Thermoplasma volcanium belonging to Euryarchaeota. Potential cases of HGT have been reported in the case of AHL-lactonase, where Moorella sp. (Firmicutes) and Burkholderia sp. (b-Proteobacteria) were found to show high phylogenetic similarity. Similarly, (1) Mycobacterium sp. and Rubrobacter sp. belonging to Actinobacteria were proposed to have shared this gene with the members of a-Proteobacteria (Granulibacter sp., Acidiphilum sp. and A. tumefaciens), and (2) D. radiodurans (Deinococcus-Thermus) and Xylella fastidiosa (cProteobacteria) [20] .
In the case of AHL-acylases, Ralstonia sp., contains an assortment of enzymes AHL-acylase, Penicillin amidase (PAM), Peptidase and Aculeacin A acylase. PAM in addition to the peptidase, can be seen to be distributed through gram negative as well as gram positive taxas. This is indicative of HGT in the case of AHL-Acylase as well. In fact, previous study has proposed HGT between members of (1) Acidobacteria and d-Proteobacteria, and (2) D. radiodurans and Ralstonia spp. (b-Proteobacteria) [20] . A maximum of 5 copies of PAM is present in the Bacteriodetes, Robiginitalea biformata followed by the Actinobacteria, Nocardioides sp. JS614 having 4 copies. cProteobacteria KT-71, contains 4 copies of peptidase and PAM. The major carrier of multiple gene copies has been found to be the Pseudomonas sp. in c-Proteobacteria, majorly having peptidase.
AHL-lactonase and -acylase have been proved to inhibit bacterial infections, and prevent biofilm growth, etc. It may be professed that the hydrolysis of the lactone ring is an efficient method for Quorum Quenching (QQ) [19, 20] . In future, these genes may acquire novel functions beneficial for the survival of the host, as in the unique case of mammalian paraoxonases (PONs). It has been speculated that these AHL-lactonases have emerged within three super-families through convergent/parallel evolution [22, [37] [38] [39] . It is further stated that PONs have evolved from lactonases only after the introduction of the parathion, an organophosphate pesticide [38] [39] [40] . The evolutionary significance of lactonases has been found to be established in mammals, where they subsequently acquired the detoxifying functions to act as a tool of innate immunity [41] . The present classes of mammalian PONs: (1) PON1 (2) PON2 (3) PON3 have been shown to have originated from bacterial lactonases via horizontal gene transfer from an endosymbiotic bacteria. They still exhibit the presence of ancestral AHL lactonase relics in association with their detoxification characteristics [41] . PON2 however, seems to have gained new functions and has also reverted to the ancestral AHL lactonase activity [41] .
In the face of increasing antibiotic resistance alternate therapy approaches need to be developed. QQ enzymes from a diverse range of organisms can be used for this purpose. The activity of AHL lactonase is lactone ring specific and not dependent upon the acyl chain length, in the case of AHL acylase [19, 20] . As elucidated in QSSs, such a multiplicity has been observed here for AHL-lactonase and AHL-acylase as well. In the virtual battle going on in the environment between QS and QSIs, in contrast to antibiotics, QSIs act at very low concentrations without killing the bacteria. This does not generate the pressure on bacteria to develop resistance against antibiotics. The Table to show variability in copy number in different species of a given Genus Table to show variability in copy number in different species of a given Genus
Conclusion
We have been able to elucidate the presence of multiple copies of AHL-lactonase and -acylase in diverse organisms. These genes may acquire novel functions to increase the fitness of the host organisms against those organisms, which operate specific functions through QS. Bacillus sp. being designated as GRAS (Generally Regarded As Safe) by the FDA and an industrial workhorse, is also the predominant species that produces lactonase and has a great potential in this field.
